To determine the mechanical properties of artificial frozen clay under dynamic load, 81 triaxial shear tests were carried out for artificial frozen clay at different temperatures, amplitudes, frequencies, and precompressions and three kinds of testing conditions. e change laws of the dynamic modulus of elasticity, maximum dynamic shear modulus, dynamic damping ratio, and strain rate were determined. ese results can guide future research on the mechanical mechanisms of frozen soil, providing both theoretical and practical significance.
Introduction
Frozen soil is a kind of special geotechnical material, and its typical characteristics differ from those of conventional melted soil due to the presence of ice. Under normal conditions, melted soil is composed of three phases: water, air, and soil granules, but frozen soil is composed of four phases: unfrozen water, ice, air, and soil granules, making it a fourphase system. As a result, frozen soil has more complex physical and mechanical properties. Because its mechanical properties are key factors affecting the stability of frozen soil, a more complete understanding of its properties is required for construction applications and the development of frozen soil engineering.
In recent years, there have been many studies of the mechanical property of frozen soil under dynamic load. Chen et al. [1] determined artificial frozen soil strength using uniaxial compressive and tensile tests. Olgun [2] studied the effects of additives on expansive clays under freezethaw conditions. Consoil et al. [3] investigated the longterm performance of compacted clays-industrial wastes under different conditions. Makusa et al. [4] measured the hydraulic conductivity of clay liners according to controlled tests. Perrin et al. [5] analyzed the mechanical properties of fired clay materials subjected to freeze-thaw cycles. Ohkubo et al. [6] investigated the pore distribution of compacted clay by NMR. Lai et al. [7] reported that the compressive strength of frozen clay linearly increased as temperature decreased and exponentially increased as the strain rate increased by studying the uniaxial compressive strength of saturated frozen clay at different strain rates and freezing temperatures. Li et al. [8] [9] [10] made significant contributions to studies of frozen soil. Using the indoor macroscopic test for frozen soil and considering the damaging effect during creep of frozen soil, they constructed a damaging model for frozen soil creeping and applied it to simulate a frozen soil tapered pile. Ma et al. [11] studied artificial frozen sandy clay's dynamic constitutive model according to SHPB tests. Zhao et al. [12] discussed strain responses of frozen clay with thermal gradient. Li et al. [13] investigated dynamic properties of clay surrounding subway tunnel under cyclic triaxial tests. Yang et al. [14] discussed the constitutive model of frozen silt according to compressive test results. Dagesses [15] studied the freezing cycle effects of soil aggregates.
Arenson et al. [16] reviewed the progress made in research of frozen soil creep.
Construction often encounters change in load due to earthquake, waves, vehicles, or impact load from blasting or explosions.
e size and direction of load may exhibit periodic changes. e effects of dynamic loads can be quite complex and vary with the amplitude, frequency, and duration of the load. e goal of this work was to study the stress, deformation, and soil stability of frozen soil under dynamic load. e soil samples were batch-prepared with a standard preparation method, including crushing, drying in air, and sieving the soil taken from site holes. ese samples are then formed into remoulded soil (wet) at speci c moisture contents and placed for about 6 hours in a sealed and evaporation-free environment. e wet soil is then layered into a special mold, tamped, and compacted according to the designed dry density of the samples. e mold is then sealed and incubated for about 24 hours so that the soil is shaped. Soil samples are then cut into standard cylinder samples of corresponding speci cations (diameter: 61.8 mm, height: 125 mm) and put at low temperature for rapid freezing (−5°C, −10°C, and −15°C). e samples were removed after 48 hours and put into rubber sleeves for dynamic triaxial testing (Table 1) . To test four factors (temperature, frequency, amplitude, and precompression) and three con ning pressures, a total of 81 nonrepeated tests are arranged, as shown in Table 2 .
e orthogonal method is presented in Table 3 .
Mechanical Property of Artificial Frozen Clay under Dynamic Load

Dynamic Stress-Strain Relation of Frozen Clay.
In cyclic loading, the base of pressure chamber is in simple harmonic vibration and in an equilibrium position. Figures 2 and 3 show the position curve of the piston under axial load, axial load curve, axial stress curve (assuming axial stressed area of samples remains constant for stress calculation), and deformation curve of arti cial frozen soil under cyclic load, respectively. As shown in Figures 4 and 5 , the strain curve is divided into 3 stages as shown. In stage I, the frozen soil is precompressed for 2 mm with vibrating as axial load. Its deformation is in simple harmonic vibration at an equilibrium position and almost completely elastic, so this stage is also called the elastic stage of dynamic strain. In stage II, the frozen soil shows plastic deformation, some of which cannot be recovered completely. is stage is also called the viscoelastic stage of dynamic strain. In stage III, the frozen soil mainly shows plastic strain and sharply increasing deformation until the sample is damaged (deformation reaches 15% of the total height of the sample), and the amplitude of the deformation is obviously less than that of stage I, so there is less elasticity.
e application of simple harmonic load in the test for frozen soil is essentially a recurring loading-unloading process. Figure 6 shows the strain curve of the frozen soil in a complete loading cycle. e closed curve relationship of the dynamic stress-strain of the frozen soil is consistent with elastic strain dominating stage I. In this gure, section AB refers to the loading of dynamic stress. Section BC corresponds to the unloading of dynamic stress, and the dynamic stress gradually decreases to zero. In this substage, the strain of the frozen soil remains almost constant. In section CA, the load stress is zero, and the elastic deformation of frozen soil is completely recovered.
ese three substages constitute a cycle of simple harmonic load. e dynamic stress-strain process will recur in the order of A→B→C→A→B, until the dynamic strain reaches stage II.
From the detailed illustration of dynamic stress-strain of stage III shown in Figure 7 , it can be seen that the strain slowly increases with the increase of loading stress in section DE. In section EF, the loading stress also increases, and the strain increases at a faster rate.
is means the elasticity modulus of this substage is larger than that in section DE. Section FG refers to the unloading of dynamic stress, and the strain gradually decreases and deformation is recovered gradually as the load stress decreases. In section GH, with load stress of zero, the deformation also decreases but does not reach point D: the di erence between D and H represents the plastic deformation. At point H, the dynamic stress causes a simple harmonic, and the dynamic stress-strain process will recur in the order of H→I→J→K, until the frozen soil body is damaged.
Regression tting and statistical analysis of the test data (Figure 8 ) demonstrate that the stress-strain curve of frozen clay at the same con ning pressure and axial stress but at di erent temperatures is almost a hyperbolic curve. We can select the Hardin-Drnevich hyperbolic equation for description, and its expression is as follows:
where σ d is the dynamic stress amplitude, ε d is the dynamic strain amplitude, and a and b are test constants.
Dynamic Modulus of the Elasticity of Frozen
Soil. e mechanics of materials de ne the elasticity modulus of material as E σ/ε, so dynamic modulus of the elasticity of frozen soil is as follows:
By substituting (1) into (2), we can obtain the following expression for the dynamic modulus of elasticity of frozen clay:
where, when σ d →0, 1/a refers to the slope of the tangent when the curve passes the origin and physically refers to the initial dynamic modulus of elasticity of frozen clay E d max , and 1/b refers to the asymptote of the curve and physically refers to the maximum axial dynamic stress σ d max .
If we convert the x-coordinate in the dynamic stressstrain curve into ε d and the y-coordinate into 1/E d , we can obtain the following function expression:
Selection of Frozen Soil Parameters a and b.
We can obtain the reference values of parameters a and b of frozen soil at di erent temperatures and under di erent dynamic loads using Formula (4), as shown in Table 4 .
Impact of Temperature on the Dynamic Modulus of
Elasticity. e dynamic modulus is one of the main contents of frozen soil research [17] . From Table 2 , it can be seen that, in the hyperbolic expression for the dynamic constitutive model of remodeled frozen clay under simple harmonic load, values a and b are greatly a ected by the temperature of frozen soil and decrease with the decrease of temperature.
e decreases of a and b are not obvious as the temperature decreases from −10°C to −15°C. For value a, there is a maximum decrease of 0.019, and for value b, 0.0004. When the temperature decreases from −5°C to −10°C, values a and b decrease signi cantly, a maximum decrease of 0.432 and 0.2952 for b. At the same temperature, the di erences between the values of a and b and the dynamic modulus of elasticity are small and within the allowable error range, indicating that the test results have good repeatability.
In conjunction with the results presented in Figure 9 , we can see that the dynamic modulus of elasticity increases as the temperature decreases with obvious changes in the sharp phase change area of water-ice (at soil temperature between 0 and −5°C) and decreases as the dynamic strain increases. Figure 9 : Relation between dynamic damping ratio and con ning pressure.
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Impact of Con ning Pressure on Dynamic Modulus of
Elasticity. Figure 10 shows the relation curve of the dynamic modulus of elasticity and con ning pressure at di erent temperatures. As shown in Figure 10 , the dynamic modulus of elasticity at a vibration frequency of 0.6 Hz is larger than that at 0.2 Hz and rst increases and then slightly decreases as the con ning pressure increases. At 0.2 Hz, the dynamic modulus of elasticity uctuates. Figures 10(b) and 10(c) show the similar relation curves between con ning pressure and dynamic modulus of elasticity at 0.6 Hz and 0.2 Hz. From the curve at 0.6 Hz in Figure 10 , we can see that the dynamic modulus of elasticity increases as con ning pressure increases. At −15°C, frozen soil has a large cohesive force between granules. When the con ning pressure increases to 1.0 MPa, the impact on the soil structure is small. When the con ning pressure increases from 1.0 MPa to 1.5 MPa, the dynamic modulus of elasticity increases to a small extent. e curve at 0.6 Hz in Figure 10 (a) shows that when the con ning pressure is 0.5 MPa, the dynamic modulus of elasticity is maximum. As pressure increases, the dynamic modulus begins to decrease. is phenomenon was also evident in −10°C tests at 0.6 Hz and 0.2 Hz. From the data shown in Figure 10 (b), at a con ning pressure of 1.0 MPa, the dynamic modulus begins to decrease. is indicates that a certain con ning pressure results in a large change in the soil structure and the maximum dynamic modulus of elasticity. When the pressure exceeds this value, the dynamic modulus begins to decrease. Con ning pressure a ects the dynamic modulus mainly by changing the ice-water phase state of frozen soil and recombining the soil granules. At a certain con ning pressure, the frozen soil is under vibrating load, and its granules are partly dislocated. e microcracks become smaller, and some water is squeezed out from the overloaded area. At low temperature, the water is refrozen and the structure becomes partly closed, becoming more compact and stable, and the dynamic module also increases. When the con ning pressure continues to increase, in the sharp phase change area of ice-water, the ice crystal shows plastic ow and is reoriented in the frozen soil. As the freezing temperature of frozen soil decreases, the relative soil temperature increases, which is equal to the di erence between the temperature and the freezing temperature of frozen soil.
e internal joining and cohesive forces of frozen soil decrease, and the soil structure also changes. e e ect of con ning pressure on frozen soil can be observed by changing the temperature of the ice-water change phase point. With regard to this point of frozen soil under con ning pressure, the Clapeyron equation can be used to estimate that ice began to melt at a con ning pressure of load of 1 MPa and temperature of −0.0744°C. For a con ning pressure of 13.44 MPa, ice began melting at −1°C.
Dynamic Damping Ratio of Frozen Soil.
Frozen soil has a damping e ect on the propagation of seismic waves in an earthquake, and the damping ratio is regarded as an indicator of the vibration energy absorbed by frozen soil and an essential parameter to study the dynamic response of frozen soil under cyclic load. For a dynamic stress amplitude of σ d and a corresponding strain amplitude ε d , the stress-strain relation at di erent times t can be determined within a cycle. When the material is a perfectly elastic body, the relationship between σ d − ε d can be expressed as a straight line. However, for frozen soil, due to the hysteresis of strain produced by internal damping, within a vibration cycle, the σ d − ε d curve is a hysteresis loop. e larger the area of the hysteresis loop, the larger the energy dissipated by friction in deformation or the greater the damping of frozen soil.
e dynamic damping ratio δ is de ned as follows:
where ∆W refers to the damping dissipation energy, that is, the area of hysteresis loop, and W refers to the equivalent strain energy, that is, the area of triangle OAB in Figure 11 . e damping ratio is based on the following two assumptions: (1) energy from forced vibration is fully absorbed and dissipated by the damping of frozen soil, and (2) the soil samples have the same energy dissipation characteristics during loading and unloading conditions; that is, the
From extensive dynamic triaxial stress-strain testing data for frozen soil, at the same soil temperature, load frequency, vibration frequency, and soil water content, the dynamic damping ratio increases with increasing con ning pressure σ 3 , so that the larger the con ning pressure, the larger the dynamic damping ratio (Figure 9 ). Keeping the other test conditions the same, the dynamic damping ratio decreases as the soil temperature decreases (Figure 12 ), because the cohesion of frozen soil increases as the temperature decreases.
e frozen soil becomes harder and its elasticity becomes higher, but the plasticity decreases. erefore, the capacity of frozen soil to absorb seismic waves and vibration energy decreases, and its dynamic damping ratio decreases with decreased temperature. As shown in Figure 9 , with the other test conditions kept constant, for di erent loading frequencies, the dynamic damping ratio decreases as the frequency increases, but to an extent relatively less than for temperature. Figure 13 , for frozen soil under cyclic vibration load, the strain increase is initially large, but as the vibration frequency increases, it compresses and compacts. e strain increase becomes stable and remains approximately constant until the samples are damaged.
Strain Rate of Frozen Soil. As shown in
Conclusions
From this study of the characteristics of arti cial frozen soil in dynamic load through triaxial testing, the following conclusions can be made:
(1) e dynamic modulus of elasticity increases as the temperature decreases, changes quite obviously in the sharp phase change area of water-ice (soil temperature between 0 and −5°C), and decreases as the dynamic strain increases. (2) e maximum dynamic shear modulus increases as the confining pressure increases, increases obviously and linearly as temperature decreases, and decreases obviously as the vibration frequency of load increases. (3) At the same soil temperature, load frequency, vibration frequency, and soil water content, the dynamic damping ratio increases with the increase of the confining pressure σ 3 , and the larger the confining pressure is, the larger the dynamic damping ratio is. At the same other test conditions, the dynamic damping ratio decreases as soil temperature decreases. (4) For frozen soil in cyclic vibration load, the strain increase is initially large, but as the vibration frequency increases, it is compressed and compacted. e strain increase stabilizes until the samples are damaged.
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